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In this paper a scenario admitting the participation of the exotic scalar coupling of the right-
handed neutrinos in addition to the standard vector and axial couplings of the left-handed neutrinos
in the weak interactions is considered. The research is based on the low-energy (νµe
−) and (νee
−)
scattering processes. The main goal is to show how the presence of the right-handed neutrinos in the
above processes changes the laboratory differential cross section in relation to the Standard Model
prediction. Both processes are studied at the level of the four-fermion point interaction. Neutrinos
are assumed to be polarized Dirac fermions and to be massive. In the laboratory differential cross
section, the new interference term between the standard vector coupling of the left-handed neutrinos
and exotic scalar coupling of the right-handed neutrinos appears which does not vanish in the limit
of vanishing neutrino mass. This additional contribution, including information on the transverse
components of neutrino polarization, generates the azimuthal asymmetry in the angular distribution
of the recoil electrons. This regularity would be a signature of the presence of the right-handed
neutrinos in the neutrino-electron scattering.
PACS numbers: 13.15.+g, 13.88.+e
The (V − A) structure of weak interactions describes
only what has been measured so far. We mean here the
measurement of the electron helicity [1], the indirect mea-
surement of the neutrino helicity [2], the asymmetry in
the distribution of the electrons from β-decay [3] and the
experiment with muon decay [4] which confirmed parity
violation [5]. Feynman, Gell-Mann and independently
Sudarshan, Marshak [6] established that only left-handed
vector V , axial A couplings can take part in weak interac-
tions because this yields the maximum symmetry break-
ing under space inversion, under charge conjugation; the
two-component neutrino theory of negative helicity; the
conservation of the combined symmetry CP and of the
lepton number. In consequence it led to the conclu-
sion that produced neutrinos in V − A interaction can
only be left-handed. However Wu [7] indicated that both
standard left-handed (V,A)L couplings and exotic right-
handed (S, T, P )R couplings may be responsible for the
negative electron helicity observed in β-decay. It would
mean that generated neutrinos in (S, T, P ) interactions
may also be right-handed (antineutrinos left-handed, re-
spectively). Recent tests do not provide a unique answer
as to the presence of the exotic weak interactions.
So Shimizu et al. [8] determined the ratio of the
strengths of scalar and tensor couplings to the standard
vector coupling in K+ → π0 + e+ + νe decay at rest
assuming the only left-handed neutrinos for all the inter-
actions. Their results indicated the compatibility with
the Standard Model (SM) [9, 10, 11] prediction. Bodek
et al. at the PSI [12] looked for the evidence of the
violation of time reversal invariance measuring T -odd
transverse components of the positron polarization in µ+-
decay. They also admitted the presence of the only left-
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handed neutrinos produced in the standard V − A and
scalar interactions. The recent results presented by the
DELPHI Collaboration [13] concerning the measurement
of the Michel parameters and the neutrino helicity in τ
lepton decays indicated the consistency with the stan-
dard V −A structure of the charged current weak inter-
action. However on the other hand, the achieved pre-
cision of measurements still admits the deviation from
the pure V − A interaction, i.e. the possible participa-
tion of the exotic couplings of the right-handed neutrinos
beyond the SM. There exist the models of the sponta-
neous symmetry breaking under time reversal in which
the non-standard scalar weak interaction can appear [14].
Recently Berezhiani et al. [15] analysed the scenario with
the participation of the non-standard interactions of neu-
trinos with electrons in the case of solar neutrinos.
It is necessary to carry out the new high-precision tests
of the Lorentz structure and of the handedness struc-
ture of the weak interactions at low energies in which
the transverse components of the neutrino polarization
would be measured, because in the conventional observ-
ables the interference terms between the standard (V,A)L
and the exotic (S, T, P )R couplings vanish in the limit
of vanishing neutrino mass [16, 17, 18]. Frauenfelder et
al. [19] pointed out that one has to measure either the
neutrino polarization (spin) or the neutrino-electron cor-
relations to determine the full Lorentz structure of the
weak interactions. Because the direct measurement of
the transverse neutrino polarization is difficult now, the
low-energy neutrino-electron scattering as the detection
process of the exotic couplings of the right-handed neu-
trinos can be used. In practice, the low-energy strong
and polarized neutrino source (e. g. 51Cr or other ar-
tificial neutrino sources) could be used to search for the
exotic effects. The process of the neutrino-electron scat-
tering can also be used to search for the neutrino mag-
netic moments and to probe the flavor composition of
2a (anti)neutrino beam [20]. Barbieri and Fiorentini [21]
analysed the conversions νeL → νeR in the Sun as a result
of spin-flip by a toroidal magnetic field in the convective
zone. They calculated the differential cross section for
the (νee
−) scattering with the solar 8B neutrinos, as-
suming that the initial neutrino flux is a mixture of both
the left-handed neutrinos and the right-handed ones. In
this case an interference term between the weak inter-
action and electromagnetic amplitudes, proportional to
µν , appears which generates the azimuthal asymmetry
in the recoil electron event rates. Pastor et al. [22] cal-
culated the azimuthal asymmetry for the low-energy pp-
neutrinos and discussed the sensitivity of planned solar
experiments to the expected azimuthal asymmetries in
event number. Beacom nad Vogel [23] derived a new limit
on the neutrino magnetic moment using the 825-days Su-
perKamiokande solar neutrino data: |µν | ≤ 1.5 ·10−10µB
at 90% CL compatible with the existing reactor limit of
|µν | ≤ 1.8 · 10−10µB .
The first concept of the use of the artificial neutrino
source comes from Alvarez who proposed a 65Zn [24].
The 51Cr and 37Ar neutrino sources were proposed by
Raghavan [25] in 1978 and Haxton [26] in 1988, respec-
tively. The idea of the use artificial neutrino source to
search for the neutrino magnetic moments was first pro-
posed by Vogel and Engel [27]. The strong 51Cr source
was used for the calibration of the GALLEX neutrino
experiment [28]. Miranda et al. [17] proposed the use of
the 51Cr source to probe the gauge structure of the elec-
troweak interaction. Currently at Gran Sasso, the Borex-
ino neutrino experiment [29] with the unpolarized 51Cr
source is designed to search for the neutrino magnetic mo-
ment. This experiment will use the (νee−) scattering as
the detection process. There are also proposed the other
experiments to test the non-standard properties of neu-
trinos with the use of both the solar neutrinos and neu-
trinos coming from the beta-radioactive neutrino sources:
the Hellaz [30], the Heron [31] and the new project with
the use of the tritium neutrino emitter [32, 33].
The main goal is to show how the presence of the
right-handed neutrinos in the neutrino-electron scatter-
ing changes the laboratory differential cross section in
relation to the Standard Model prediction.
In our considerations the system of natural units with
h¯ = c = 1, Dirac-Pauli representation of the γ-matrices
and the (+,−,−,−) metric are used [34].
The research is based on the low-energy (νµe
−) and
(νee
−) scattering processes. Now, we will analyse the
(νµe
−) scattering. This process is studied at the level
of the four-fermion point (contact) interaction. Muon-
neutrinos are assumed to be massive Dirac fermions and
to be polarized. In these considerations, the incoming
neutrinos come from the muon-capture, where the pro-
duction plane is spanned by the direction of the initial
muon polarization Pˆµ and of the outgoing neutrino mo-
mentum qˆ (this is a production process). Pˆµ and qˆ are
assumed to be perpendicular to each other, Fig. 1. It
is important from the experimental point of view be-
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FIG. 1: Coordinate system conventions.
cause one has the unique situation as to the possible
participation of the right-handed neutrinos. The initial
neutrino flux is the mixture of the left-handed neutrinos
produced in the standard V − A charged weak interac-
tion and the right-handed ones produced in the exotic
scalar S charged weak interaction. Govaerts and Lucio-
Martinez [35] considered the nuclear muon capture on the
proton and 3He both within and beyond SM admitting
the most general Lorentz invariant four-fermion contact
interaction. They calculated the different observables as-
suming the Dirac massless neutrino. In my paper, the
minimal version of the extension of the standard V − A
structure is analysed to indicate the possibility of new-
type high-precision tests of the Lorentz structure of the
charged and neutral weak interactions. The amplitude
for the µ−-capture and the formula on the magnitude of
the transverse neutrino polarization vector |ηT
ν
|, in the
limit of vanishing neutrino mass, are as follows:
Hµ− = CLV (Ψνγλ(1 − γ5)Ψµ)(ΨnγλΨp) (1)
+ CLA(Ψνiγ5γλ(1− γ5)Ψµ)(Ψniγ5γλΨp) + CRS (Ψν(1− γ5)Ψµ)(ΨnΨp),
|ηT
ν
| =
√
< Sν · (Pˆµ × qˆ) >2f +< Sν · Pˆµ >
2
f
s < 1 >f
= |Pµ||C
R
S
CLV
|(1 + q
2M
) (2)
3×{s[(3 + q
M
)|C
L
A
CLV
|2 + (1 + q
M
) + |C
R
S
CLV
|2 − 2 q
M
|C
L
A
CLV
|cos(αLAV )]}−1,
< Sν · (Pˆµ × qˆ) >f ≡ Tr{Sν · (Pˆµ × qˆ)ρf} = −
| φµ(0) |2
4π
|Pµ|(1 + q
2M
)Im(CLV C
R∗
S ), (3)
< Sν · Pˆµ >f ≡ Tr{Sν · Pˆµρf} =
| φµ(0) |2
4π
|Pµ|(1 + q
2M
)Re(CLV C
R∗
S ), (4)
where CLV , C
L
A, C
R
S - the complex fundamental coupling
constants for the standard vector V , axial A and ex-
otic scalar S weak interactions denoted respectively to
the outgoing neutrino handedness; s - the neutrino spin
(s=1/2); < Sν · (Pˆµ × qˆ) >f , < Sν · Pˆµ >f , < 1 >f - the
T−odd and T−even transverse components of neutrino
polarization and the probability of muon capture, respec-
tively; Sν - the operator of the neutrino spin; ρf - the
density matrix of the final state; q,M - the value of the
neutrino momentum and the nucleon mass; |Pµ| - the
value of the muon polarization in 1s state; φµ(0) - the
value of the large radial component of the muon Dirac
bispinor for r = 0; αLAV ≡ αLA − αLV - the relative phase
between the standard CLA and C
L
V couplings. The above
neutrino observables were calculated with the use of the
density matrix of the final state.
It can be seen that the neutrino observables consist ex-
clusively of the interference term between the standard
CLV coupling and exotic C
R
S one. It can be understood
as the interference between the neutrino waves of nega-
tive and positive handedness. There is no contribution
to these observables from the SM in which neutrinos are
only left-handed and massless. The induced couplings
generated by the dressing of hadrons are neglected as
their presence does not change qualitatively the conclu-
sions about transverse neutrino polarization. These cou-
plings enter additively to the fundamental CLV,A couplings
(see Appendix A). The mass terms in the above neu-
trino observables give a very small contribution in rela-
tion to the main one coming from the interference term
(see Appendix A) and they can be neglected in the con-
siderations. General results for the neutrino observables
in the limit of vanishing neutrino mass, when Pˆµ and
qˆ are not perpendicular to each other, are presented in
Appendix B. If one assumes the production of the only
left-handed neutrinos in all the interactions, i.e. both for
the standard V −A and scalar S interactions, there is no
interference between the CLV,A and C
L
S couplings in the
limit of vanishing neutrino mass. In this case ηT
ν
= 0.
The situation is qualitatively different in the case of the
longitudinal and transverse neutron polarization and of
the longitudinal neutrino polarization, where all the in-
terference terms between the CLV,A and C
R
S couplings are
suppressed by the neutrino mass (see Appendix C, D)
and the standard CLV,A couplings of the left-handed neu-
trinos dominate in agreement with the SM. Therefore,
the neutrino observables in which such difficulties do not
appear are proposed. In this way, the conclusions as to
the existence of the right-handed neutrinos can depend
on the type of measured observables.
Our coupling constants CLV,A, C
R
S can be expressed by
Fetscher’s couplings gγǫµ for the normal and inverse muon
decay [36], assuming the universality of weak interac-
tions. Here, γ = S, V, T indicates a scalar, vector, tensor
interaction; ǫ, µ = L,R indicate the chirality of the elec-
tron or muon and the neutrino chiralities are uniquely
determined for given γ, ǫ, µ. We get the following rela-
tions:
CLV = A(g
V
LL + g
V
RL), (5)
−CLA = A(gVLL − gVRL),
CRS = A(g
S
LL + g
S
RL),
where A ≡ (4GF /
√
2)cosθc, GF = 1.16639(1) ×
10−5GeV −2 is the Fermi coupling constant [36], θc is
the Cabbibo angle. In this way, the lower limits on
the CLV,A and upper limit on the C
R
S can be calculated,
using the current data [36]; |CLV | > 0.850A, |CLA| >
1.070A, |CRS | < 0.974A. In consequence, one gives the
upper bound on the magnitude of the transverse neutrino
polarization vector proportional to the value of the muon
polarization; |ηT
ν
| ≤ 0.318|Pµ| (for αLAV = π). The ob-
tained limit has to be divided by the |Pµ| to have the
upper bound on the physical value of the transverse neu-
trino polarization vector generated by the exotic scalar
interaction; |η′T
ν
| = |ηT
ν
|/|Pµ| ≤ 0.318.
From the above, we see that the analysis for the µ−-
capture [18] led to the conclusion that the production of
the right-handed neutrinos in the exotic scalar interac-
tion manifests the non-vanishing transverse components
of the neutrino polarization in the limit of vanishing neu-
trino mass, so one expects the similar regularity in the
(νµe
−) scattering. We assume that the incoming left-
handed neutrinos are detected in the V − A weak inter-
action, while the initial right-handed neutrinos are de-
tected in the exotic scalar S weak interaction. In the fi-
nal state all the neutrinos are left-handed. One assumes
that the initial neutrino beam has the assigned direction
of the transverse neutrino polarization with the respect
to the production plane, Fig.1. The couplings constants
are denoted as gLV , g
L
A and g
R
S respectively to the incom-
ing neutrino handedness:
M = GF√
2
{(ue′γα(gLV − gLAγ5)ue)(uνµ′ γα(1− γ5)uνµ)
+
1
2
gRS (ue′ue)(uνµ′ (1 + γ5)uνµ)}, (6)
4where ue and ue′ (uνµ and uνµ′ ) are the Dirac bispinors
of the initial and final electron (neutrino) respectively.
The analysis of the general Lorentz invariant four-
fermion point interaction for the 2→ 2 processes involv-
ing two neutrinos and two charged fermions is presented
by [37].
To describe (νµe
−) scattering the following observables
are used: ην - the full 3-vector of the initial neutrino
polarization in the rest frame, q - the incoming neutrino
momentum, pe′ - the outgoing electron momentum.
The laboratory differential cross section for the νµe
−
scattering, in the limit of vanishing neutrino mass, is of
the form:
d2σ
dydφe′
= (
d2σ
dydφe′
)(V,A) + (
d2σ
dydφe′
)(S) + (
d2σ
dydφe′
)(V S), (7)
(
d2σ
dydφe′
)(V,A) = B{(1− ην · qˆ)[(gLV + gLA)2 + (gLV − gLA)2(1− y)2 −
mey
Eν
((gLV )
2 − (gLA)2)]}, (8)
(
d2σ
dydφe′
)(S) = B{
1
8
y(y + 2
me
Eν
)[|gRS |2(1 + ην · qˆ)]}, (9)
(
d2σ
dydφe′
)(V S) = B{
√
y(y + 2
me
Eν
)[−ην · (pˆe′ × qˆ)Im(gLV gR∗S ) + (ην · pˆe′)Re(gLV gR∗S )] (10)
− y(1 + me
Eν
)(ην · qˆ)Re(gLV gR∗S )},
B ≡ Eνme
(2π)2
G2F
2
, (11)
y ≡ E
R
e′
Eν
=
me
Eν
2cos2θe′
(1 + me
Eν
)2 − cos2θe′ , (12)
where y- the ratio of the kinetic energy of the recoil elec-
tron ERe′ to the incoming neutrino energy Eν , θe′ - the
angle between the direction of the outgoing electron mo-
mentum pˆe′ and the direction of the incoming neutrino
momentum qˆ (recoil electron scattering angle), me - the
electron mass, ην · qˆ - the longitudinal polarization of
the incoming neutrino, φe′ - the angle between the pro-
duction plane and the reaction plane spanned by the pˆe′
and qˆ (see Fig. 1). All the calculations are made with
the Michel-Wightman density matrix [38] for the polar-
ized incoming neutrinos in the limit of vanishing neutrino
mass (see Appendix E).
It can be noticed that the main non-standard contri-
butions to the laboratory differential cross section come
from the interference between the standard left-handed
vector gLV coupling and exotic right-handed scalar g
R
S cou-
pling, whose occurrence does not depend explicitly on the
neutrino mass. This interference may be understood as
the interference between the neutrino waves of the same
handedness for the final neutrinos. The similar regular-
ity as for µ−-capture appeared here [18]. The correlation
ην · pˆe′ proportional to Re(gLV gR∗S ) lies in the reaction
plane and it includes both T -even longitudinal and trans-
verse components of the initial neutrino polarization:
(ην · pˆe′) = cosθe′(ην · qˆ) + (η′Tν · pTe′), (13)
where index ”T” describes transverse components of the
outgoing electron momentum and of the incoming neu-
trino polarization, respectively. The other correlation
ην · (pˆe′ × qˆ) proportional to Im(gLV gR∗S ) lies along the
direction perpendicular to the reaction plane and it in-
cludes only T -odd transverse component of the initial
neutrino polarization:
ην · (pˆe′ × qˆ) = η′Tν · (pˆe′ × qˆ). (14)
It can be shown that in the full interference term, Eq.
(10), the contributions from the longitudinal compo-
nents of the neutrino polarization annihilate, and in con-
sequence one gives the interference including only the
transverse components of the initial neutrino polariza-
tion, both T -even and T -odd:
(
d2σ
dydφe′
)(V S) = B{
√
me
Eν
y[2− (2 + me
Eν
)y] (15)
×|gLV ||gRS ||η
′
T
ν
|cos(φ− α)},
where α ≡ αLV − αRS - the relative phase between the
gLV and g
R
S couplings, φ - the angle between the reac-
tion plane and the transverse neutrino polarization vec-
tor and it is connected with the φe′ in the following way;
φ = φ0−φe′ , where φ0 - the angle between the production
plane and the transverse neutrino polarization vector (see
Fig. 1). It can be noticed that the contribution from the
interference between the gLV and g
R
S couplings, involving
the transverse neutrino polarization components, will be
substantial at lower neutrino energies Eν ≤ me but neg-
ligibly small at large energies and vanishes for θe′ = 0
or θe′ = π/2. The occurrence of the interference term
in the cross section depends on the relative phase be-
tween the angle φ and phase α and does not vanish for
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FIG. 2: Plot of the d
2σ
dydφ
e′
as a function of y for the (νµe
−)
scattering; a) SM with the left-handed neutrino (SM(y) - solid
line), b) the case of the exotic scalar coupling of the right-
handed neutrino for φ − α = 0 (ESI1(y)- dashed line), for
φ − α = pi (ESI2(y) - dashed line) and for φ − α = pi/2
(ESI3(y) - dotted line), respectively.
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FIG. 3: Plot of the dσ
dy
as a function of y for the (νµe
−)
scattering; a) SM with the left-handed neutrino (SMd(y) -
solid line), b) the case of the exotic scalar coupling of the
right-handed neutrino after integration over the φe′(SRd(y) -
dashed line).
φ − α 6= π/2. The azimuthal asymmetry in the angu-
lar distribution of the recoil electrons is illustrated in the
Fig. 2, when φ−α = 0 (ESI1(y) - dashed line), φ−α = π
(ESI2(y) - dashed line) and φ−α = π/2 (ESI3(y) - dotted
line), respectively. All the plots (Fig.2 - Fig.5) both for
the (νµe
−) and (νee
−) scattering processes are made for
me = 511 keV,Eν = 746 keV and y ∈ [0, 0.745]. Because
the right-handed neutrinos are produced and detected in
the exotic scalar S interaction, one uses the same upper
limit on the gRS as for the C
R
S , i. e. |gRS | < 0.974, as-
suming the universality of weak interaction. We take the
upper bound on the |η′T
ν
| ≤ 0.318 for the neutrinos com-
ing from the muon-capture (however the phase α is still
unknown). The value |η′T
ν
| = 0.318 is used to get the
upper limit on the expected effect from the right-handed
neutrinos in the cross section for the (νµe
−) scattering.
It means that the value of the longitudinal neutrino po-
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FIG. 4: Plot of the d
2σ
dydφ
e′
as a function of y for the (νee
−)
scattering; a) SM with the left-handed neutrino (SMn(y) -
solid line), b) the case of the exotic scalar coupling of the
right-handed neutrino for φ− α = 0 (ESIn1(y)- dashed line),
for φ − α = pi (ESIn2(y) - dashed line) and for φ − α = pi/2
(ESIn3(y) - dotted line), respectively.
larization is equal to ηl
ν
≡ ην · qˆ = −0.948. The plot for
the SM is made with the use of the present experimental
values for gLV = −0.040±0.015, gLA = −0.507±0.014 [36],
when ην · qˆ = −1, Fig. 2 and Fig. 3 (SM(y), SMd(y) -
solid lines). If one integrates over the φe′ , the interfer-
ence term vanishes and the cross section consists of only
two terms:
dσ
dy
= (
dσ
dy
)(V,A) + (
dσ
dy
)(S), (16)
(
dσ
dy
)(V,A) = B
′{(1− ην · qˆ)[(gLV + gLA)2 (17)
+ (gLV − gLA)2(1− y)2
− mey
Eν
((gLV )
2 − (gLA)2)]},
(
dσ
dy
)(S) = B
′{1
8
y(y + 2
me
Eν
) (18)
× [|gRS |2(1 + ην · qˆ)]},
where B′ = 2πB. The situation is illustrated in the Fig.
3 (SRd(y) - dashed line). If the only left-handed neu-
trinos are produced in the standard V − A interaction
and non-standard scalar S one, they should be detected
in the same interactions. In this case there is no in-
terference between the (V,A)L and SL couplings in the
differential cross section, when mν → 0, and the angu-
lar distribution of the recoil electrons has the azimuthal
symmetry. Because the left-handed scalar SL coupling is
absent in the production process, so this scenario is not
considered for the (νµe
−) scattering.
Taking into account the possibilities of the future low-
energy neutrino experiments, we consider the (νee
−)
process. If the azimuthal asymmetry in the cross sec-
tion for the (νµe
−) scattering appears, the similar reg-
ularity for the (νee
−) process should occur, when the
electron-neutrinos come from the polarized artificial neu-
trino source (51Cr). The 51Cr-decay proceeds by the
6SRnd(y)
SMnd(y)
y
d

d
y
[
1
0
 
4
5

m
2
℄
0.70.60.50.40.30.20.10
7.6
7.4
7.2
7
6.8
6.6
6.4
6.2
6
5.8
5.6
FIG. 5: Plot of the dσ
dy
as a function of y for the (νee
−) scat-
tering; a) SM with the left-handed neutrino (SMnd(y) - solid
line), b) the case of the exotic scalar coupling of the right-
handed neutrino after integration over the φe′ (SRnd(y) -
dashed line).
electron capture and is similar to the µ−−capture. It
is well-known that the 51Cr decays with a Q−value of
751 keV to the ground state of 51V (90.14% branch-
ing ratio) and to its first excited state (9.86 ± 0.05%),
which deexcites to the ground state with the emission
of a 320 keV γ−ray. The neutrino spectrum consists of
four monoenergetic lines: 746 keV (81%), 751 keV (9%),
426 keV (9%), 431 keV (1%) [39]. If the chromium
neutrino source would be polarized, one would have the
fixed direction of the transverse neutrino polarization
with respect to the production plane spanned by the ini-
tial polarization Ji of the
51Cr and the outgoing electron-
neutrino momentum q. The reaction plane is the same as
for the (νµe
−) scattering. It would allow to measure the
azimuthal asymmetry in the angular distribution of the
recoil electrons. In the amplitude for the (νee
−) scatter-
ing, the couplings constants are denoted as cLV , c
L
A and c
R
S
respectively to the incoming neutrino handedness, where
cLV = g
L
V +1, c
L
A = g
L
A+1 (the charged current weak inter-
action is included). The plot for the SM is made with the
same values of the standard coupling constants as for the
(νµe
−) process, i. e. cLV = −0.040 + 1, cLA = −0.507 + 1,
when ην · qˆ = −1, Fig. 4 and Fig. 5 (SMn(y), SMnd(y)
- solid lines). The upper limit on the cRS is the same as
for the gRS , i. e. |cRS | < 0.974, assuming the universal-
ity of weak interaction. We also use both |η′T
ν
| = 0.318
and ηl
ν
≡ ην · qˆ = −0.948 to obtain the upper bound on
the possible effect from the R-handed neutrinos for the
(νee
−) scattering. The azimuthal asymmetry in the an-
gular distribution of the recoil electrons is illustrated in
the Fig. 4 (ESIn1(y), ESIn2(y) - dashed lines, ESIn3(y)
- dotted line). If one integrates over the φe′ , the in-
terference term vanishes and the cross section has the
azimuthal symmetry, Fig. 5 (SRnd(y) - dashed line).
In summary, it is known that in the SM the angular
distribution of the recoil electrons does not depend on the
φe′ . It is necessary to observe the direction of the recoil
electrons and to analyse all the possible reaction planes
corresponding to the given recoil electron scattering angle
to verify if the azimuthal asymmetry in the cross section
appears. The regularity of this type would be a signature
indicating the possible participation of the right-handed
neutrinos in the neutrino-electron scattering. The fu-
ture low-energy high-precision neutrino-electron scatter-
ing experiments using the intense and polarized neutrino
source (e. g. 51Cr or other artificial neutrino sources)
would allow to search for new effects coming from the
right-handed neutrinos (to be published).
APPENDIX A: MUON NEUTRINO OBSERVABLES
The formulas for the transverse components of neutrino polarization (T-odd and T-even, respectively) in case of
non-vanishing neutrino mass (mν 6= 0), when the induced couplings are enclosed and Pˆµ, qˆ are perpendicular to each
other, are as follows:
< Sν · (Pˆµ × qˆ) >f ≡ Tr{Sν · (Pˆµ × qˆ)ρf} = −
| φµ(0) |2
4π
|Pµ|( q
Eν
+
q
2M
)Im((CLV + 2Mg
L
V )C
R∗
S ), (A1)
< Sν · Pˆµ >f ≡ Tr{Sν · Pˆµρf} =
| φµ(0) |2
4π
|Pµ|{(1 + q
Eν
q
2M
)Re((CLV + 2Mg
L
V )C
R∗
S ) (A2)
+
1
2
mν
Eν
(|CLV + 2MgLV |2 − |CLA +mµ
q
2M
gLA|2+ | CRS |2)},
where gLV , g
L
A - the induced couplings of the left-handed neutrinos, i.e. the weak magnetism and induced pseudoscalar,
respectively; mµ, q, Eν ,mν ,M - the muon mass, the value of the neutrino momentum, its energy, its mass and the
nucleon mass. If mν → 0, q/Eν → 1 and the mass terms vanish in all the observables.
7APPENDIX B: GENERAL FORM OF MUON NEUTRINO OBSERVABLES
General results for the transverse components of the neutrino polarization, in the limit of vanishing neutrino mass
(mν → 0), when the induced couplings are enclosed and Pˆµ, qˆ are not perpendicular to each other, are as follows:
< Sν · (Pˆµ × qˆ) >f =
| φµ(0) |2
4π
|Pµ|((Pˆµ · qˆ)2 − 1)(1 + q
2M
)Im((CLV + 2Mg
L
V )C
R∗
S ), (B1)
< Sν · Pˆµ >f =
| φµ(0) |2
4π
{−|Pµ|((Pˆµ · qˆ)2 − 1)(1 + q
2M
)Re((CLV + 2Mg
L
V )C
R∗
S ) (B2)
+ |Pµ|(Pˆµ · qˆ)2[ 1
2
| CRS |2 +
q
M
Re((CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A ))
+
1
2
(1 +
q
M
)|CLV + 2MgLV |2 +
1
2
(
q
M
− 1)|CLA +mµ
q
2M
gLA|2]
+ (Pˆµ · qˆ)[1
2
| CRS |2 +
q
M
Re((CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A ))
− 1
2
(1 +
q
M
)|CLV + 2MgLV |2 −
1
2
(3 +
q
M
)|CLA +mµ
q
2M
gLA|2]}.
It can be seen that if Pˆµ||qˆ, mν → 0, one gives < Sν · (Pˆµ × qˆ) >f ≡ 0 (Eq. B1), and < Sν · Pˆµ >f (Eq. B2) ⇒
< Sν · qˆ >f (Eq. D3).
APPENDIX C: NUCLEAR OBSERVABLES AND LONGITUDINAL NEUTRINO POLARIZATION
The formulas for the longitudinal and transverse components of neutron polarization (T-even and T-odd components
respectively), and for the longitudinal neutrino polarization (T-even quantity), in the case of non-vanishing neutrino
mass (mν 6= 0), when the induced couplings are enclosed and Pˆµ, qˆ are perpendicular to each other, are as follows:
< Jn · qˆ >f =
| φµ(0) |2
4π
{ q
Eν
|CLA +mµ
q
2M
gLA|2 −Re[(2
q
M
+
q
Eν
)(CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A ) (C1)
− mν
Eν
q
2M
(CLA +mµ
q
2M
gLA)C
R∗
S ]},
< Jn · (Pˆµ × qˆ) >f =
| φµ(0) |2
4π
|Pµ|Im{−( q
Eν
+
q
M
)(CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A ) (C2)
− mν
Eν
q
2M
(CLV + 2Mg
L
V )C
R∗
S },
< Sν · qˆ >f =
| φµ(0) |2
4π
{−(3
2
q
Eν
+
q
2M
)|CLA +mµ
q
2M
gLA|2 − (
1
2
q
Eν
+
q
2M
)|CLV + 2MgLV |2 (C3)
+
1
2
q
Eν
| CRS |2 +Re[
q
M
(CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A )−
mν
Eν
q
2M
(CLV + 2Mg
L
V )C
R∗
S ]}.
It can be seen that in these observables the occurrence of the interference term between the standard CLV,A cou-
plings and exotic CRS coupling depends explicitly on the neutrino mass. This dependence causes the ”conspiracy” of
the interference term and makes the measurement of the relative phase between the standard CLV,A and exotic C
R
S
impossible because (mν/Eν)(q/2M) is very small.
APPENDIX D: GENERAL FORM OF NUCLEAR OBSERVABLES AND OF LONGITUDINAL
NEUTRINO POLARIZATION
General results for the longitudinal and transverse components of neutron polarization and for the longitudinal
neutrino polarization, in the limit of vanishing neutrino mass (mν → 0), when the induced couplings are enclosed and
Pˆµ, qˆ are not perpendicular to each other, are as follows:
< Jn · qˆ >f =
| φµ(0) |2
4π
{[−(1 + 2 q
M
)Re((CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A )) + |CLA +mµ
q
2M
gLA|2]
8+ |Pµ|(Pˆµ · qˆ)[Re((CLV + 2MgLV )(CL∗A +mµ
q
2M
gL∗A )) + |CLA +mµ
q
2M
gLA|2]}, (D1)
< Jn · (Pˆµ × qˆ) >f =
| φµ(0) |2
4π
|Pµ|((Pˆµ · qˆ)2 − 1)(1 + q
M
)Im((CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A )), (D2)
< Sν · qˆ >f =
| φµ(0) |2
4π
{[ q
M
Re((CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A )) +
1
2
| CRS |2 (D3)
− 1
2
(1 +
q
M
)|CLV + 2MgLV |2 −
1
2
(3 +
q
M
)|CLA +mµ
q
2M
gLA|2]
+ |Pµ|(Pˆµ · qˆ)[ q
M
Re((CLV + 2Mg
L
V )(C
L∗
A +mµ
q
2M
gL∗A ))
+
1
2
(| CRS |2 +(1 +
q
M
)|CLV + 2MgLV |2 + (
q
M
− 1)|CLA +mµ
q
2M
gLA|2)]}.
APPENDIX E: FOUR-VECTOR NEUTRINO POLARIZATION AND MICHEL-WIGHTMAN DENSITY
MATRIX
The formulas for the 4-vector initial neutrino polarization in its rest frame and for the initial neutrino moving with
the momentum q, respectively, are as follows:
S = (0,ην), (E1)
S′ =
ην · q
Eν
· 1
mν
(
Eν
q
)
+
(
0
ην
)
− ην · q
Eν(Eν +mν)
(
0
q
)
, (E2)
where ην - the full 3-vector of the initial neutrino polarization in its rest frame. The formulas for the Michel-Wightman
density matrix in the case of the polarized neutrinos with the non-zero neutrino mass and in the limit of vanishing
neutrino mass, respectively, are as follows:
Λ(s)ν =
∑
ν
uνuν ∼ [1 + γ5(S
′µγµ)][(q
µγµ) +mν ] = [(q
µγµ) +mν + γ5(S
′µγµ)(q
µγµ) + γ5(S
′µγµ)mν ], (E3)
(S
′µγµ) =
ην · q
Eνmν
(qµγµ)− (ην − (ην · q)q
Eν(Eν +mν)
) · γ, (E4)
(S
′µγµ)(q
µγµ) =
mν
Eν
ην · q− (ην − (ην · q)q
Eν(Eν +mν)
) · γ(qµγµ), (E5)
(S
′µγµ)mν =
ην · q
Eν
(qµγµ)−mν(ην − (ην · q)q
Eν(Eν +mν)
) · γ, (E6)
lim
mν→0
[1 + γ5(S
′µγµ)][(q
µγµ) +mν ] = [1 + γ5[
ην · q
|q| − (ην −
(ην · q)q
|q|2 ) · γ]](q
µγµ). (E7)
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